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Resistance to B-lactams in Acinetobacter baumannii in-
volves various mechanisms. To decipher them, whole ge-
nome sequencing (WGS) and real-time quantitative po-
lymerase chain reaction (RT-qPCR) were complemented
by mass spectrometry (MS) in selected reaction monitor-
ing mode (SRM) in 39 clinical isolates. The targeted label-
free proteomic approach enabled, in one hour and using a
single method, the quantitative detection of 16 proteins
associated with antibiotic resistance: eight acquired
B-lactamases (i.e. GES, NDM-1, OXA-23, OXA-24, OXA-58,
PER, TEM-1, and VEB), two resident B-lactamases (i.e.
ADC and OXA-51-like) and six components of the two
major efflux systems (i.e. AdeABC and AdelJK). Results
were normalized using “bacterial quantotypic peptides,”
i.e. peptide markers of the bacterial quantity, to obtain
precise protein quantitation (on average 8.93% coefficient
of variation for three biological replicates). This allowed to
correlate the levels of resistance to pg-lactam with those of
the production of acquired as well as resident pB-lactama-
ses or of efflux systems. SRM detected enhanced ADC
or OXA-51-like production and absence or increased ef-
flux pump production. Precise protein quantitation was
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particularly valuable to detect resistance mechanisms
mediated by regulated genes or by overexpression of
chromosomal genes. Combination of WGS and MS,
two orthogonal and complementary techniques, allows
thereby interpretation of the resistance phenotypes at the
molecular level. Molecular & Cellular Proteomics 17:
10.1074/mcp.RA117.000107, 442-456, 2018.

The accurate description of cellular events remains a diffi-
cult task in post-genomic days when multiomics approaches
are required to obtain integrative information (1). This is par-
ticularly the case for the elucidation of multifactorial antibiotic
resistance in Acinetobacter baumannii. This Gram-negative
opportunistic pathogen has the remarkable ability to become
resistant to numerous antibiotics. p-lactams, together with
quinolones, aminoglycosides, and polymixins, are the major
drug classes used for therapy infections because of A. bau-
mannii. There are two major mechanisms of resistance to
B-lactams in A. baumannii: i) enzymatic modification of the
drug by overexpression of the chromosomally encoded B-lac-
tamases, ADC (Acinetobacter-derived Cephalosporinase, an
AmpC-type B-lactamase) and OXA-51-like (2-3) or acquisition
of genes for B-lactamases with either narrow (e.g. TEM-1,
CARB, SCO, OXA-10, 20, and -21) or extended-spectrum
substrate (e.9. TEM-type or SHV-type ESBL variants, VEB,
GES, PER, CTX-M, and RTG-4), or metallo-B-lactamases
(IMP-, VIM-, SIM- and NDM-type enzymes) or serine-carbap-
enemases (OXA-23, -24/40, -58); ii) overexpression of resis-
tance-nodulation-cell division (RND)' efflux systems (4). To
date, three Acinetobacter Drug Efflux (Ade) RND pumps,

" The abbreviations used are: RND, resistance-nodulation-cell di-
vision; CAZ, Ceftazidime; CFU, Colony Forming Unit; CLSI, Clinical &
Laboratory Standards Institute; CTX, Cefotaxime; CV, Coefficient of
Variation; FEP, Cefepime; IPM, Imipenem; MEM, Meropenem; MIC,
Minimal Inhibitory Concentration; RT-gPCR, Real-Time quantitative
Polymerase Chain Reaction; SD, Standard Deviation; SRM, Selected
Reaction Monitoring; TIC, Ticarcillin; WGS, Whole Genome Sequencing.

442

Molecular & Cellular Proteomics 17.3


http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.RA117.000107&domain=pdf&date_stamp=2017-12-19

Deciphering Multifactorial Resistance in A. baumannii by SRM

AdeABC (5), AdeFGH (6), and AdelJK (7) have been charac-
terized in A. baumannii. Overexpression of adeABC plays a
major role in multidrug resistance in clinical settings (8-9)
whereas that of adeFGH (4, 10) has been responsible for a
regional epidemic (11), and constitutively expressed adelJK is
associated with intrinsic resistance (4, 7). Expression of each
pump is tightly regulated, AdeABC by a two-component reg-
ulatory system AdeRS (8), AdeFGH by the LysR-type tran-
scriptional regulator AdeL (10), and AdelJK by the TetR tran-
scriptional regulator AdeN (12). Efflux pump overproduction
contributes synergistically with p-lactamases to the level of
resistance of the host (4, 13).

The resistance proteins must therefore be determined qual-
itatively and quantitatively in order to analyze, at the molecular
level, the multifactorial resistance phenotype of A. baumannii
and make predictions as to the outcome of antibiotic therapy.
Quantitative mass spectrometry (MS) appears particularly at-
tractive to achieve this goal (14). MS technologies are increas-
ingly used to characterize A. baumannii at the protein level
using both untargeted (4, 15-16) or targeted approaches (17).
Untargeted MS has been extensively used in proteomics
study for a long time because it allows stochastic identifica-
tion of hundreds to thousands of proteins with a coarse quan-
titation. On the contrary, targeted MS provides a robust and
accurate quantification but at the cost of the detection of a
lower number of proteins in a single multiplex. We reported
the adequacy of a targeted approach to assess resistance in
Pseudomonas aeruginosa (18) and Staphylococcus aureus
(19), using a liquid chromatography hyphenated to an elec-
trospray triple quadrupole mass spectrometer (LC-ESI-QqQ-
MS) in Selected Reaction Monitoring mode (SRM). This tech-
nology is compatible with analytical requirements of accurate,
sensitive, and selective assays for quantitation of dozens of
resistance traits. We thus applied SRM, in combination with
genomic data, to study the more complex question of the
biochemistry of multidrug resistance in A. baumannii.

A set of 39 previously characterized clinical isolates of A.
baumannii (4, 10, 20-30) was used. These strains are known
to produce resident (i.e. ADC and OXA-51-like) as well as
acquired (.e. GES, NDM-1, OXA-23, 24, and 58, PER, TEM-
1, and VEB) B-lactamases or various levels of AdeABC,
AdeFGH, and AdelJK (4, 10). The presence of these resist-
ance mechanisms was assessed by both whole genome se-
quencing (WGS) and quantitative label-free SRM. After nor-
malization using A. baumannii quantotypic peptides (31, 32),
SRM enabled to study the relative resistance protein levels
which turned out to be in good agreement with the resistance
phenotypes of the host bacteria.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Antibiotic Resistance—The clinical strains
used in this study are described in Table |. They were grown on
Columbia agar supplemented with 5% sheep blood (COS) (bio-
Mérieux, Marcy I’Etoile, France) for WGS and SRM and in brain heart
infusion, or Luria-Bertani broth for RT-gPCR. The minimal inhibitory

concentrations (MICs) of antibiotics were determined by microdilution
according to the guidelines of the Clinical and Laboratory Standards
Institute (33), in cation adjusted Mueller-Hinton (CA-MH) broth.

DNA Sequencing—Scaffolds of strains ANC 4097, AYE, CIP
70.34T, MRSN 3405, and NIPH were downloaded from the Acineto-
bacter initiative, Broad Institute (broadinstitute.org). The BM4587 ge-
nome was previously reported (4). lllumina whole genome sequencing
was performed on the remaining 14 strains (supplemental Table S1).
UltraClean® Microbial DNA Isolation Kit (MO BIO, Carlsbad, CA) was
used for DNA extraction. Library preparation was performed from 1
ng of DNA extracted with the Nextera® XT DNA sample preparation
kit for 96 samples (lllumina, San Diego, CA) and Nextera® XT index kit
(Ilumina). Library validation was performed on a 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA) to control the distribution of
tagmented DNA. The samples were multiplexed in compliance with
the lllumina optimal specifications and 1% (volume/volume) PhiX
CONTROL V3 Kit (lllumina). A sequencing run of paired-end 2 X 200
cycles was performed with the MiSeq Reagent kit v3 (600 cycles)
(Ilumina) on a MiSeq instrument (lllumina) and controlled using Se-
quencing Analysis Viewer software provided by MiSeq instrument. De
novo assembly was performed using A5-miseq pipeline steps 1 and 2
(84). BLASTn or tBLASTn of proteins or nucleotide sequences of
interest on scaffolds of the strain(s) was achieved using NCBI pro-
gram (35).

RT-gPCR—A. baumannii total RNA was extracted from exponen-
tially grown bacteria (OD600 0.8-0.9) using RNeasy mini kit (Qiagen,
Hilden, Germany). Gene expression of was quantified by RT-qPCR as
described (10) using LightCycler® RNA Amplification Kit SYBR Green
| (Roche Diagnostic, Basel, Switzerland) with the following cycle pro-
file: 1 cycle at 95 °C for 30 s, followed by 45 cycles at 95 °C for 5 s,
56 °C for 10 s, and 72 °C for 20 s. The expression level of the rpoB
gene was used for normalization. Each experiment was performed in
duplicate at least twice independently.

Chemical Reagents for SRM Analysis—Methanol was from Merck
Millipore (Billerica, MA). LC-MS grade water and acetonitrile were
provided by Fisher Scientific (lllkirch, France) and all the other chem-
icals by Sigma-Aldrich (Lyon, France). Peptides were synthesized
using Fmoc chemistry on a MultiPep RS peptide synthesizer from
Intavis Bioanalytical Instruments AG (Koeln, Germany).

Bacterial Lysis, Digestion, and LC-ESI-QqQ-MS Analysis in SRM
Mode—Bacterial digests were prepared as described (18) with few
modifications. Briefly, bacterial colonies were suspended in 3 ml of
suspension medium (bioMérieux), the bacterial concentration was
adjusted to 4 McFarland (36), manually mixed twice and 1 ml was
removed in two 1.5 ml tubes. Samples were centrifuged at 10,000 X
g for 10 min and the supernatant removed. After 5 min of ultrasonic
disruption with glass beads in 50 mm ammonium carbonate (150 pwl)
and 5 mwm dithiotreitol, the pellets were carbamidomethylated using
iodoacetamide (5 min) and digested 15 min with trypsin (10 ng) at
50 °C. The digestion was stopped by adding 0.5 ul formic acid (FA).
The two digests were desalted using Oasis HLB, 3 cm® (Waters,
Milford, MA), pooled, and concentrated with a TurboVap (Biotage,
Uppsala, Sweden) to 50 nl. The final volume was adjusted to 250 pul
with LC-MS grade water containing 0.1% FA and 2% of acetonitrile.
Targeted SRM analysis was carried out on a Nexera HPLC (Shi-
madzu, Kyoto, Japan) hyphenated to an ESI-QqQ-MS 5500 QTRAP
(Sciex, Framingham, MA) in positive ionization mode according to
(18). Concisely, LC separation was carried out at 300 wl/min on an
XBridge BEH C18 column, 100 mm X 2.1 mm, particle size 3.5 um,
porosity 130 A (Waters). Elution was performed with 0.1% FA in water
(solvent A) or in acetonitrile (solvent B) using a 22-min linear gradient
from 2% to 35% of solvent B.

SRM Assay Construction— Proteotypic peptides for resistance, i.e.
peptides that are specific for the resistance proteins inferred from
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WGS, were selected in silico as described (18, 19, 37). Briefly, pro-
teins of interest from consensual UniProtKB sequences were di-
gested in silico by trypsin using Skyline software (38). Missed-cleav-
age sites and cleavage among Lysine, or Arginine, and Proline were
not allowed. The resulting peptides were synthetized and separately
injected in a 5500 QTRAP mass spectrometer. Reference spectra of
peptide ion fragments were acquired using Skyline prediction equa-
tion for declustering potential, entrance potential, collision energy,
and collision cell exit potential. For each peptide, the three most
intense characteristic fragment ions were selected. This selection
was verified, using strains overproducing (BM4689, BM4690, and
BM4666) or deleted (BM4717, BM4718, and BM4719) for the Ade
efflux pumps (4) as well as non-A. baumannii strains for B-lactamase
production (data not shown). Data-dependent analyses were per-
formed on a 5600 TripleTOF (Sciex) to select A. baumannii-specific
peptide candidates for bacterial quantification. Specificity for A. bau-
mannii was evaluated both experimentally and by BLASTp analysis
(85) with UniProtKB database (data not shown). These peptides were
named “bacterial quantotypic peptides.” Nonspecific peptides were
discarded as well as peptides containing methionine or missed-cleav-
age sites. Peptides from B-lactamases, Ade efflux pumps and for
bacterial quantity evaluation were combined in a single Scheduled
SRM experiment composed of 558 transitions representing 186 pep-
tides with a detection window of 155 s (supplemental Table S2).

SRM Data Analysis and Protein Quantitation—Data analysis by
MultiQuant™ 2.1 software (Sciex) with the integration algorithm Sum-
mation for peak integration was applied to three replicates per strain
obtained from three independent experiments. Peak integration pa-
rameters were set as follows: Gaussian smooth width of 1.0 point,
summation window of 15 s and 40% noise level for baseline (Fig. 1,
step I). Automatic integrations were visually checked. The simultane-
ity of the 3 transitions from the same peptide was checked by ensur-
ing a standard deviation of their retention time (min) lower than 0.03.
Areas under 3000 Sciex arbitrary unit (a.u.) were set to null. For a
peptide, if at least one of the transitions was null, then all the transi-
tions were set to null. Peptides not detected in any strain (supple-
mental Table S2) Were Discarded (Fig. 1, step Il).

Bona fide proteotypic peptides (i.e. peptides unique to the protein
of interest) were experimentally selected according to Charretier et al.
(19). Briefly, for a given peptide, transition areas were normalized
using Equation 1:

Area Ti
(area T1 + area T2 + area T3)

(Eq. 1)

where T1, T2, and T3 represent each of the three transitions and Ti
one of the 3. We selected peptides with coefficients of variation (CVs)
of all the three normalized transition areas below 20%, across all the
data set after removal of outliers.

Quantotypic peptides and transitions (i.e. accurately representing
the level of the proteins) (31, 32) were further selected using correla-
tion criteria. For each protein, the Pearson’s product-moment coeffi-
cient (r) was calculated between the nonzero transition areas of each
strain and reference transition areas estimated by averaging all the
nonzero transition areas from the whole data set (Fig. 1, step lll). To
reduce quantitation distortions by noisy transitions or nonquantotypic
peptides, those accounting for poor regressions were iteratively dis-
carded sample per sample until reaching r > 0.95 for all proteins in all
strains (Fig. 1, step lll). Bacterial quantotypic peptides were selected
using the same process by considering their transitions as belonging
to a unique artificial protein. We then took advantage of the observed
strong correlation to minimize the measurement error via the least
squares approach. All the transitions areas, including the missed and

Normalized area of transition Ti =

the discarded values, were back-calculated using linear regression
models with null y-intercepts. These models were built for each
protein and each SRM experiment (Fig. 1, step V).

Quantity estimations were made according to Ludwig et al. (39) by
summing the two most intense transitions (TopTra2) of the three most
intense peptides per protein (TopPep3), except for NDM-1 (Fig. 1,
step V). For this protein, a single peptide respecting all the previous
criteria was detected. In this case, the three transitions areas for this
unique peptide were summed. Quantifications were done using the
same subset of TopPep3 peptides and TopTra2 transitions for all the
three biological replicates (supplemental Table S2). As reference
gene(s) is(are) used to normalize RT-gPCR data, “bacterial quanto-
typic transitions” were eventually used to normalize the SRM estima-
tion of the relative quantity of protein per bacteria cell, following
Equation 2:

Relative protein quantity per bacterial cell

_ ETopPepSTopTraZ(PrOtein Area)
Mean area of bacterial quantotypic transitions

(Eq. 2)

The nonzero quantifications of the three biological replicates were
then used to calculate averages, standard deviations (SDs), and CVs.
For comparison, protein quantities were indicated by average num-
bers with a dash followed by CVs in percentage (Table lI).

Evaluation of Bacterial Quantotypic Transitions—A. baumannii
NIPH 527, ANC 4097, and BM4587, were diluted in series to obtain
three independent concentration ranges of five points each, with a
total of 15 points. For each point, enumeration was performed on
three independent Petri dishes. In parallel, the 15 points were ana-
lyzed thrice by MS using the lysis, digestion, and SRM method
described earlier. Bacterial numbers were expressed as Colony
Forming Unit per ml (CFU/ml) using the Petri dish reference method.
The numbers were corrected by counting bacterial clusters in sus-
pensions under microscope to obtain cell numbers per ml (cell/mi).
The resulting curve, cell/ml versus SRM a.u., enabled the calibration
of bacterial load for the normalization of protein quantities per cell in
samples.

RESULTS

Characterization of Antibiotic Resistance by Phenotype and
WGS—The antibiotic resistance phenotypes determined by
microdilution and the B-lactamase genes identified by WGS
are listed in Table I. The 39 strains were grouped based on the
presence of acquired B-lactamases: 17 strains were devoid of
any acquired enzyme, 15 had one, and the remaining 7 pro-
duced multiple enzymes.

In the first group, most were susceptible to ticarcillin,
cephalosporins, and carbapenems with six exceptions. Strain
CIP 70.34" had reduced susceptibility to cephalosporins and
carbapenems, NIPH 335 to ticarcillin and cefotaxime, NIPH 80
to ticarcillin, ceftazidime, and cefotaxime, and NIPH 1669,
BM4704, and NIPH 2061 to all the tested B-lactams. Regula-
tory mutations, leading to overexpression of intrinsic B-lacta-
mases and efflux pumps, were searched for in these strains.
Five Insertion Sequences (IS) were detected upstream from a
resident B-lactamase gene (blapya_s1-iike @Nd/0r blaspc) which
can result in overexpression of the enzyme (2, 40). ISAba1
was found upstream from both blagya_s1.ike @Nd blaspc N
strains BM4704 and NIPH 2061. Overexpression of these
genes was consistent with high resistance to both cepha-
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Fic. 1. SRM data analysis and protein quantitation. Step I: peak integration with verification of transition coelution when appertaining to
the same peptide. Step II: suppression of peptides with at least one transition signal below 3,000 a.u. cut-off. Step lll: iterative deletion of non
quantotypic peptides and transitions until reaching Pearson’s product-moment coefficient r > 0.95 for all proteins in all strains. Step IV:
minimization of the measurement error via backcalculation of all the transitions areas, including the missed and the discarded values, using
linear regression equations from step lll. Step V: quantity estimations by summing the two most intense transitions (TopTra2) of the three most
intense peptides (TopPep3) per protein and protein quantity normalization by the bacterial quantity using “bacterial quantotypic transitions.”
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TABLE |
Strains, antibiotic resistance phenotypes and B-lactamase genes identified by whole genome sequencing. CAZ, Ceftazidime; CTX, Cefotaxime;
FEP, Cefepime; IPM, Imipenem; MEM, Meropenem; TIC, Ticarcillin

Strain MIC? (ug/ml) of: B-lactamase genes determined by WGS
Penicillins Cephalosporins Carbapenems
Name Other designation Reference TIC CAZ CTX FEP IPM MEM Resident Acquired
Group 1
BM4587 (10) 8 4 8 1 0,12 0.5  blapgxa-104s blaapc
CIP 70.347 ATCC19606 (20) 16 16 32 16 0,5 2 blaoya-os: blaapc
NIPH 146 (283, 26) 8 4 16 1 0,12 0,25 blaoya-sas blaapc
NIPH 190 (23, 26) 4 1 8 0.5 0,12 0,12 blapya-ss: blaaoc
NIPH 201 (283, 26) 8 2 8 1 0,12 0,25 blagya-s51-iiker Planpc
NIPH 329 (23, 26) 8 4 16 2 0,12 0,25 blapya-s1-iikes Planpc
NIPH 335 (23, 26) 16 8 32 8 0,25 0.5  blaoya-128, Plaapc
NIPH 410 (28, 26) 4 2 4 0.5 0,12 0,12 blapgya-gs: blaapc
NIPH 60 (23, 26) 8 2 16 1 0,25 0,25 blapya-ses blaaoc
NIPH 601 (23, 26) 16 2 8 0,5 0,12 0,12 blagxa-se: blaapc
NIPH 615 (23, 26) 4 2 4 1 0,12 0,25 blapgya-120, blaapc
NIPH 67 (23, 26) 16 8 16 4 0,25 0,5 blagya-s1-ike» Plaapc
NIPH 70 (23, 26) 16 4 8 2 0,25 0,25 blagya-256: blaapc
NIPH 80 (23, 26) 32 16 32 4 0,12 0,5 blaoya.7s, blaapc
NIPH 1669 (26) 64 32 128 16 0,5 4 blagya-71, blaapc™
BM4704 3220 (29) 64 128 512 32 1 2 blapya-132", blaapc*
NIPH 2061 (30) 64 128 512 32 8 32 blagxa-109” Plaapc*
Group 2
NIPH 24 (25) >1024 16 16 16 2 2 blaoya-ss» blaapc blatepm-1
NIPH 290 (23) >1024 64 32 256 0,5 2 blapgxa-se: blaapc blatep-1
NIPH 527 RUH 875 (21, 26) >1024 16 16 8 0,5 1 blapya-ses blaaoc blatepm-1
NIPH 528 RUH 134 (21, 26) >1024 8 16 8 0,25 1 blaoya-ss: blaapc blargy.1
BM4701 AB8 (29) 512 256 64 16 64 32 blapgya-sas blaaoc blages-1a
BM4702 AB25 (29) >1024  >1024 >512 >256 16 16 blagya s blaapc blages-11
BM4703 3171 (29) >1024 4 16 2 16 8 blagya-s4: blaaoc blagxa-ss
NIPH 1734 (23) >1024 16 32 4 64 32 blacya.132, blaapc blaoya-ss
BM4714 3142 (29) >1024 4 32 8 128  >64 blaoya.s1, blaapc blagya.a
NIPH 1362 (23, 25) >1024 >1024 512 64 16 16 blapya-s1-iikes Plaapc”  blaoxa-ss
BM4713 AB4 (29) 512 128 >512 16 64  >64 blagya-ss: blaapc” blagya.7»
BM4706 3185 (29) >1024 1024 >512 32 32 32 blagya-94, blaapc” blagxa-23
BM4710 3073 (29 >1024 1024 512 64 64 64 blaoya.ser blaapc” blaoya3
MRSN 3405 (@8) >1024 256 512 64 64  >64 blaoya.ge, blaapc” blagya.os
AYE (24) >1024 >1024 >512 >256 1 1 blapgya-se, blaapc” blayeg.1
Group 3
BM4705 3228 (29) >1024 256 128 4 32 64 blapya-132, blaapc” blapgya-24, blatem-1
BM4709 3048 (29) >1024 1024 512 64 32 64 blagya-se: blaapc” blagya-p3, blaTem-1
BM4712 3162 (29) >1024 512 >512 256 128 >64 blagya-se: blaapc” blapgxa-23, blatem-1
ANC 4097 27) >1024 >1024 >512 >256 128 >64 blaoya-ser blaapc blaoya-23, blaten-1, blanpm-1
BM4708 AB20 (29) >1024  >1024 512 256 32 32 blaoya-ses blaapc blagya.o3, blapgr-1
BM4711 AB18 (29) >1024 >1024 >512 256 32 32 blapya-ses blaanc blagya-3, blapgg-1
BM4707 3221 (29) >1024 32 512 64 64 64 blagya.gs: blaapc” blagya_o3, blaoxa-ss

* ISAba1 upstream from the gene.
** ISAba125 upstream from the gene.
2 MICs were determined by microdilution.

losporins and carbapenems but was unable to account for
a 4-fold difference in carbapenem MICs. In NIPH 1669,
ISAba125 was identified upstream from bla,pc consistent
with resistance to cephalosporins. Substitutions T153A and
D167N, in the dimerization and histidine-containing phospho-
transfer domain of AdeS, were found in CIP 70.34T and NIPH
1669, respectively, putatively responsible for AdeABC over-
production and decreased susceptibility to ticarcillin and
cephalosporins (8-9). In NIPH 80, a mutation in the DNA
binding region of AdeN leading to overexpression of the Ad-
elJK pump (12) was found and could explain lower suscepti-
bility to cephalosporins and carbapenems (4). However, this
type of WGS-based analysis is fastidious and not yet com-
prehensive: presence of mutations can reflect polymorphisms

and mutational alterations in regulatory mechanisms are still
unknown. Therefore, the production levels of the intrinsic
B-lactamases and of the efflux systems must be assessed
quantitatively.

The second group comprised isolates having a single ac-
quired B-lactamase (Table I). Strains NIPH 24, NIPH 290,
NIPH 527, and NIPH 528 possessed a blatgy.4 gene, for a
narrow-spectrum class A B-lactamase, which confers high
level resistance to ticarcillin. However, strain NIPH 290 also
exhibited high level resistance to oxyiminocephalosporins,
indicating that at least another mechanism was involved.
Strains BM4701 and BM4702, producing a GES-type enzyme,
were resistant to all B-lactams tested. Differences in the levels
of resistance to cephalosporins and carbapenems were con-
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sistent with the functional properties of the two GES-type
variants identified: GES-11 being a more efficient cepha-
losporinase but a less efficient carbapenemase than GES-14
(41). The presence of blagya.sg in strains BM4703 and NIPH
1734 could confer resistance to ticarcillin and carbapenems
but not reduced susceptibility to ceftazidime and cefepime in
NIPH 1734. Similarly, BM4714 having blagya_»4 Was resistant
to ticarcillin and carbapenems but its reduced susceptibility
to cefotaxime could not be explained by the presence of
blagxa.-. gene. The NIPH 1362 isolate had an acquired
blagxa.sg gene in addition to overproduction of both intrinsic
blaypc and blagya.s1, because of IS insertions, resulting in
increased ticarcillin and carbapenems MICs. However, high-
level resistance to cephalosporins, not efficiently hydrolyzed
by OXA-58, suggests other mechanisms. Overproduction of
intrinsic ADC-type cephalosporinase because of an ISAbat
copy and the carbapenemase genes blagya o3, blaoxa-oa, OF
blagxa.sg conferred resistance to all B-lactams in strains
BM4713, BM4706, BM4710, and MRSN3405. The presence
of bla,gg together with bla,c overexpression in strain AYE
led to high-level resistance to ticarcillin and cephalosporins,
and reduced susceptibility to the carbapenems. In the last
group of strains with multiple B-lactam resistance genes, a
synergistic effect of the mechanisms was generally observed
resulting in resistance to all antibiotics. However, despite
blagxao4, blatem-1, and insertion of ISAba7 upstream from
blaapc, BM4705 was less resistant to cefepime than other
ADC producers and less resistant to carbapenems than
BM4714 only harboring the acquired blagxa_4- A TetR tran-
scriptional regulator AdeN, having only 90% identity with
AdeN from other strains was found in this isolate, which
could affect AdelJK regulation. Unexpectedly, BM4709 and
BM4712 exhibited different cefepime and carbapenem sus-
ceptibilities, despite analogous genotypes (i.e. ISAbal up-
stream from bla,pc and both blagya .5 and blatgy.1)- The
presence of blaypy.¢, @ metallo-carbapenemase gene, to-
gether with that of blagxa_o; and blatgy., in ANC 4097 con-
ferred extremely high level of resistance levels to all B-lac-
tams. Similarly, co-production of OXA-23 carbapenemase
and PER-1 extended-spectrum B-lactamase in BM4708 and
BM4711 also conferred resistance to all B-lactams. These
data confirm that analysis of the p-lactam resistance pheno-
type in strains with multiple resistance determinants is often
complex and may involve other mechanisms in addition to the
production of one or more B-lactamases. Although the WGS
data can provide information on the acquired determinants
and the presence of insertion sequences, it has limitations in
the understanding on how additional mechanisms which act
synergistically with B-lactamases, such as efflux, contribute to
the resistance phenotype.

Quality Assessment of Relative Protein Quantification by
SRM—Despite adjustment at 4 McF, the CVs of bacterial
quantities across all the experiments, estimated using bacte-
rial quantotypic peptides, was 29.90% by SRM. This poor

(sum,a.u.)
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®  BM4587
e e SD

T T T T T T
5.0e+08 1.0e+09 1.5e+09 2.0e+09 25e+09  3.0e+09

Petri dishes enumeration (cells/ml)

SRM signal of bacterial quantotypic peptides
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Fic. 2. Calibration curve of SRM signals from bacterial quanto-
typic transitions versus cells/ml from Petri dish enumeration cor-
rected by cell number per colony.

reproducibility prompted us to estimate the bacterial load
directly via SRM to correct more accurately for sample prep-
aration fluctuation. The correlation between bacterial quanto-
typic peptide summations and Petri dish enumeration led
initially to parallel right curves. The reason for this observation
was elucidated by microscopic examination of A. baumannii
suspensions: single cells or double-cells were observed. Us-
ing three independent fields per strain, the numbers of cells
per cluster were on the average 1.46, 1.75, and 1.1 for strains
NIPH 527, ANC 4097, and BM4587, respectively. Assuming
that every cluster leads to a single colony after growth on solid
medium, these numbers were used to convert the measured
CFU/mlI to cells/ml. Cells/ml versus SRM signals of bacterial
quantotypic transitions points were distributed on a single
right curve (Fig. 2). The correlation was highly significant (o
value 3.4 X 1078 and squared Pearson’s product-moment
0.914) demonstrating the ability of bacterial quantotypic tran-
sitions to accurately estimate bacterial counts and thus vali-
dating the normalization strategy adopted to assess the rela-
tive protein quantity per cell. After correction of this bacterial
load disparity, mean CVs for protein quantitation were sys-
tematically reduced, e.g. 17.8% versus 7.1% and 18.6% ver-
sus 7.7% for Aded and ADC quantitation, respectively.

As in previous studies (18, 19), the quality of the protein
measurements was assessed by verifying the preservation of
the ratio among transitions belonging to the same protein. The
quantities of quantotypic peptides from a given protein should
be equimolar if they are not impaired by posttranslational
modifications, stochastic digestion, or affected by contami-
nants. After selection of the peptides and transitions operated
according to the Experimental Procedures, the correlations
were rather high, Pearson’s r average was 0.9845, the lower
quartile was 0.9776 and the smallest observed r value was
0.9510 (r numbers are displayed in supplemental Table S3, r
distributions in supplemental Fig. S1 and examples of typical
correlation curves in supplemental Figs. S2). As a result, the
CVs obtained for the three independent biological replicates
(Table 1) were 7.3% in median and 8.9% in average. Seventy-
five percent of measurements had CVs below 10.4% and only
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15/275 quantifications (i.e. 5.4%) had CVs higher than 20%
(supplemental Fig. S3A). CVs, displayed in supplemental Fig.
S3B, were uniformly distributed according to signal intensi-
ties, except for GES-type B-lactamases. In strains BM4701
and BM4702 producing this B-lactamase, we observed a
clear difference among biological replicates (supplemental
Fig. S2B) and, as a result, biological CVs were huge: 89.8%
and 84.2%, respectively. The SRM quantitation seemed ro-
bust with measurements of 18 transitions from 6 peptides and
excellent correlations (supplemental Fig. S2B). Of note, for
both strains the bias was the same among the 3 biological
replicates : replicates 1 had the lowest concentrations (0.19
and 0.24, respectively), replicates 2 the highest (1.1 and 1.6,
respectively), and replicates 3 had intermediate concentra-
tions (0.3 and 0.7, respectively). This trend was not observed
for other proteins. For instance, ADC was quantified in
BM4701 and BM4702 with 4.6% and 5.7% CVs, respectively.
These results suggest potential growth-related differences in
the blageg expression levels, rather than analytical discrepan-
cies. If GES was excluded, the mean CV dropped to 8.4% and
95.3% of the biological replicates had CVs below 20%.

Detection of B-lactam Resistance Determinants by SRM—
All the targeted resistance mechanisms: acquired B-lactama-
ses (i.e. GES, NDM-1, OXA-23, OXA-24, OXA-58, PER,
TEM-1, and VEB), resident B-lactamases (i.e. ADC and OXA-
51-like) and efflux pumps (.e. AdeABC and AdelJK) were
quantified using multiplex SRM (supplemental Table S4). The
various subgroups of OXA-type enzymes were distinguished
by specific peptides (supplemental Table S5). Examples of
characteristic SRM peaks are displayed in Fig. 3 and in sup-
plemental Fig. S4.

Detection of Acquired B-lactamases—The GES, PER,
TEM-1, VEB, and OXA-24 enzymes were detected by SRM as
predicted by WGS: GES in BM4701 and BM4702; PER in
BM4708 and BM4711; TEM-1 in BM4705, BM4709, BM4712,
ANC 4097, NIPH 24, NIPH 290, NIPH 527, and NIPH 528; VEB
in AYE; and OXA-24 in BM4705, BM4713, and BM4714.

SRM detected unambiguously the OXA-23 group in
BM4706, BM4707, BM4708, BM4709, BM4710, BM4711,
BM4712, ANC 4097, and MRSN 3405. Surprisingly, OXA-23
was also detected in one of the three biological replicates
from strains BM4714 and CIP 70.34". It was characterized by
18 and 21 transitions corresponding to 6 and 7 peptides,
respectively. The detection in a single replicate of both strains
was therefore significant but the relative protein amount was
much lower, 0.47/NA and 3.62/NA, respectively, whereas an
average of 64.4 was measured in the 9 other positive strains.
False positive results because of HPLC memory effects were
ruled out because complete recovery of columns was found in
blank injections before and after the sample run. False nega-
tive results were also ruled out by the correct detection of
bacterial quantotypic peptides and of peptides from ADC and
OXA-51-like in the two strains. Interestingly, OXA-23 was
initially detected in BM4714 using a multiplex PCR (30), but

only OXA-24 was found in the present WGS analysis. A new
PCR confirmed OXA-24 production but was unable to detect
OXA-23. These discrepant results using both genomics and
proteomics tools could be interpreted as plasmid instability.
Several colonies are mixed to perform both techniques and
SRM replicates come from three independent cultures. This
particular case was not investigated further because OXA-23
and OXA-24 confer similar resistance phenotypes. As op-
posed to BM4714, CIP 70.34" was susceptible to most anti-
biotics (Table I). Thus, detection of OXA-23 in this strain was
not studied further. New WGS or SRM analyses, after culture
in the presence of antibiotics, could have been helpful to
investigate these two cases.

The OXA-58 group was detected by SRM in BM4703,
BM4707, NIPH 1362, and NIPH 1734. It was expected in
BM4703, BM4707, and in NIPH 1734 but not in NIPH 1362,
based on publicly available WGS (Acinetobacter initiative,
Broad Institute). A new WGS of NIPH 1362 identified a gene
for OXA-58 (supplemental Fig. S5).

As expected, NDM-1 was detected in ANC 4097. Of note, a
single peptide (FGDLVFR) was detected with 3 transitions for
NDM-1, 2 other peptides (AAITHTAR, AFGAAFPK) were de-
tectable with 2 transitions each but were not considered. This
B-lactamase was therefore the protein detected with the lower
number of transitions but the level of confidence was still
acceptable (see peak signals in supplemental Fig. S4).

Overproduction of Resident B-lactamases—The resident A.
baumannii OXA-51-like carbapenemase is produced at low
levels but can be overproduced when upstream insertion of
an IS element provides a strong promoter (2). OXA-51-like
enzymes were targeted by 12 transitions (i.e. 4 peptides)
enabling co-detection of 51-like variants: 64, 65, 66, 69, 71,
78, 88, 98, 109, and 128. Characteristic transitions were de-
tected in at least one of three biological replicates in all the
strains except NIPH 601 and NIPH 67. A 2.0 cut-off was set to
significantly differentiate between basal level and overproduc-
tion (Fig. 4, right part, p value < 0.0001, t test). Using this
criterion, overproduction was found in BM4704, NIPH 1362,
and NIPH 2061 (as expected according to the presence of
ISAba1 upstream from the corresponding structural gene in
the three strains). Basal expression levels were close to the
sensitivity limit thus, for some strains, OXA-51-like proteins
were not detected in all 3 replicates. In these samples, OXA-
51-like peptides seemed to be present with transition areas
just under the 3000 a.u. cut off.

The blajps gene is also transcribed at low levels in A.
baumannii (3) but SRM was sensitive enough to detect low
levels of ADC production in the wild-type strains. Using a cut
off of 2.0, as for OXA-51, SRM significantly distinguished the
strains based on the level of ADC production (Fig. 4, left part,
p value < 0.0001, t test). In 12 strains, the presence of an
ISAba1l element upstream from bla,pc, found by WGS (Table
), was systematically associated with high level ADC produc-
tion: the average relative quantity was 62.6 compared with
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Fic. 3. SRM peaks. From left to right, up to bottom; A, AdeK in NIPH 2061 (3.0/7.4%); B, ADC in NIPH 1669 (9.7/13.7%); C, OXA-24 in

BM4713 (5.3/9.6%); D, PER in BM4711 (13.4/6.6%).

0.71 for strains with basal level in the absence of IS. Insertion
element ISAba125 (42) known to cause ADC overproduction
was found in NIPH 1669. This strain displayed an intermediate
accumulation level of 9.7/13.7%. Two other strains had also
relative intermediate amounts: CIP 70.34"7 and NIPH 1734
with 7.4/10.9% and 2.9/1.0%, respectively. Being ten times
higher than the basal level, accumulation of ADC conferred
clearly resistance in CIP 70.34". The clinical relevance of ADC
concentration in NIPH 1734 may be questionable but low-
level resistance was observed to ceftazidime and cefotaxime.

In these strains neither ISAba1 nor ISAba125 were found but
still unknown mechanisms of regulation modulation could be
present.

Ade Efflux Systems—The AdeABC efflux system was de-
tected with 30, 42, and 10 transitions corresponding to 10, 14,
and 4 peptides for AdeA, AdeB, and AdeC, respectively. The
average CVs of SRM biological replicates were 8.3%, 8.2%,
and 10.0% for AdeA, AdeB, and AdeC, respectively. Quanti-
fications were contrasted for this three-component efflux sys-
tem. The entire system or only one or two proteins were
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Fic. 4. Differentiation between ADC (A) and OXA-51-like (B) accumulation for natural and overproduced protein, t test p value

<0.0001 for both ADC and OXA51.

detected in 11 and 12 strains, respectively, and none of these
proteins were detected in the remaining 16 strains. AdeABC
was not detected in the susceptible strain BM4587. Absence
of detection corresponds to a basal level of protein accumu-
lation below the sensitivity of SRM of this tightly regulated
pump. On the contrary, AdeA, AdeB, and AdeC were highly
produced in NIPH 290 raising 23.3/4.9%, 10.4/39.9% and
3.5/30.0%, respectively. In this strain AdeA was reproducibly
quantitated but, surprisingly, we observed poor CVs for both
AdeB and AdeC, with proportionally the same lower quantities
in the third replicate. AdeABC were also moderately accumu-
lated in CIP 70.34" with protein quantities of 11.4/9.3% and
4.1/4.3% for AdeA and AdeB, respectively but, surprisingly,
AdeC was not detected. A single peptide showed three tran-
sitions above the threshold in one of the 3 biological replicates
but was excluded because incompatible with an r > 0.95 in
NIPH 290 and an absence in other strains. Excluding these
up-regulated two cases, the level of accumulation was almost
equivalent in the strains when the proteins were detected;
levels of accumulation (SDs in curly brackets) were: 2.25
{1.11},1.05{0.33}, and 0.11 {0.05} for AdeA, AdeB, and AdeC,
respectively.

On the contrary, the AdeFGH complex was only detected in
the engineered strain BM4690 (4), which overproduces Ad-
eFGH (data not shown) but not in the 39 other isolates.
Indeed, fold changes measured by RT-gPCR in BM4690 com-
pared with BM4587 were 509, 402, and 82 for AdeF, AdeG,
and AdeH, respectively, whereas the average fold change for
AdeG was 2.4 with the other strains.

The AdelJK complex was found in all the strains using 15,
33, and 30 transitions, corresponding to 5, 11, and 10 pep-
tides for Adel, AdedJ, and AdeK, respectively. This large num-
ber of peptides per protein ensured an accurate detection
across samples. Average CVs of SRM quantifications were
5.3%, 7.1%, and 7.7% for Adel, Aded, and AdeK, respec-
tively. Complex accumulation was mostly constant over

strains; levels of accumulation with {SDs} across samples
were 3.65 {1.57}, 2.29 {1.00}, and 4.01 {1.51} for Adel, Aded,
and AdeK, respectively. These observations agree with con-
stitutive basal production of AdelJK and a contribution of the
pump to the broad intrinsic resistance of A. baumannii (4).
Interestingly, despite the presence of the corresponding gene,
Aded was not detected in BM4705. The RT-qgPCR adeJ ex-
pression was also very low: 0.3/66.7%. SRM and RT-gPCR
were therefore in agreement with the loss of Aded production
and possibly the presence of a non-functional AdelJK pump.

Comparison of the quantitation of the three AdelJK proteins
indicated that the correlation was significant. Indeed, p values
of Pearson’s product moment correlation were 2.2 x 1076
for Adel/AdeK and inferior to 2.2 X 107" for Adel/AdeJ and
AdeJ/AdeK, respectively (Fig. 5). Besides, the slopes of linear
regressions were 0.60, 0.88, and 1.41 for Adel/AdedJ, Adel/
AdeK, and AdeK/Aded, respectively. The amounts of the three
proteins of the pumps were compatible with a 1/1/1 stoichi-
ometry (39), as expected from co-transcription of the three
corresponding genes (7).

Deciphering Phenotypic Resistance by Genomics and Pro-
teomics—As expected, in the first group composed of strains
devoid of acquired B-lactamase determinants, the predicted
overexpression of blagya_s1-ikes Plaanc, adeABC, and adeldK
genes was confirmed by SRM. Moreover, SRM quantitation
brought a new information, the 4-fold difference in carbap-
enem MICs between BM4704 and NIPH 2061 could be ex-
plained by the 2.5-fold difference of OXA-51 amounts. In CIP
70.347, ADC overproduction was not anticipated from the
genomic analysis but could be responsible for lower suscep-
tibility to ticarcillin and cephalosporins, associated with pre-
dicted adeABC overexpression. However, abundant AdeA
and AdeB without detectable AdeC, suggests the recruitment
of another porin to achieve RND pump functionality. Overex-
pression of adelJK was correctly predicted in NIPH 80 and
similar AdelJK levels in NIPH 335 could explain resistance to
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cephalosprins in both strains (4). A single amino acid substi-
tution in AdeN, G530A to G177E, was found in NIPH 335 but
its consequences were not studied.

In the second group of strains with a single acquired B-lac-
tamase gene, the 2- to 4-fold carbapenem MIC differences
between BM4703 and NIPH 1734 could be because of the 3.2
times more elevated production of OXA-58 in NIPH 1734.
Among the four strains producing similar amounts of the
TEM-1 enzyme, NIPH 290 had a 2- to 16-fold higher cefepime
MIC without genomic explanation. This resistance level was
probably because of the extremely high quantity of AdeABC
production. Similarly, the high AdelJK amounts in BM4714
and NIPH 1362, appeared associated with high-level resist-
ance to cephalosporins not explained by the B-lactamase
genes. The BM4706, BM4710, and MRSN3405 isolates har-
boring blagxa.o3 together with overexpression of bla s, pre-
sented similar levels of enzyme production resulting in similar
B-lactam resistance phenotypes. The additive effect of Ad-
elJK overproduction in BM4706 and MRSN was not signifi-
cant and was probably masked by the high levels of ADC and
OXA-23 production. In the case of BM4701 and BM4702,
almost the same amounts of GES enzyme and Ade systems
production were observed, and the MIC differences reflected
the functional properties of the GES-type variants (higher
cephalosporinase but lower carbapenemase activity of
GES-11 when compared with GES-14) (41). Low level of ADC
production in NIPH 1734 was not predicted by genomics but
could contribute to a moderate loss of susceptibility to cefta-
zidime and cefotaxime.

Knowledge of the level of protein amounts allowed to par-
tially clarify the more complex third group composed of
strains having multiple B-lactam-specific resistance determi-
nants. BM4705 was less resistant to cefepime and carbapen-
ems than expected despite the detection of ADC, OXA-24,
and TEM-1 but absence of Aded, possibly because of an
unusual adeN sequence, suggests a non-functional AdelJK
pump that could explain a more susceptible phenotype. The
differences in cefepime and carbapenem MICs with strains
BM4709 and BM4712 remain not entirely elucidated. These
isolates had equivalent efflux pumps, OXA-23, and TEM-1
amounts but a 5.2-fold elevated production of ADC was de-

tected in BM4712. ADC could contribute to cefepime resist-
ance but is less likely to impact on carbapenems. Other
resistance determinants not considered here, such as porin-
mediated alterations of outer membrane permeability, could
be involved (45). However, the CarO porin conferring resist-
ance to imipenem was not detected by WGS, neither in
BM4709 nor in BM4712. Strains BM4708 and BM4711 hav-
ing the same resistance genotype, and similar production
levels of enzymes and of RND efflux systems, had very
similar B-lactams MICs.

DISCUSSION

Quantitative Protein Measurement Using Targeted MS—
Normalization of bacterial counts is a prerequisite for accurate
estimation of protein production. The initial normalization of
bacterial numbers was by optical density adjustment of bac-
terial suspensions to 4 McF. This appeared to lack precision
for bacterial quantity estimations and adjustment for sample
preparation fluctuations. Thus, bacterial numbers were esti-
mated using normalization by bacterial quantotypic peptides
(46). The peptides, chosen essentially from ribosomal and
structural proteins, play a normalization role equivalent to that
of housekeeping genes in transcriptomic.

Similarly to a previous work studying resistance in P.
aeruginosa by label free SRM (18), relative quantitation was
sufficient in this study and the use of internal standards (47—
49) appeared unnecessary. The addition of artificial mole-
cules, synthetized with heavy isotopes, would allow assessing
the absolute protein quantity and the exact protein numbers
per cell. Such an approach was recently used by Lawless et
al. (50) for absolute quantification of over 1800 yeast proteins
via SRM. However, we demonstrate accurate relative quanti-
tation without the need for heavy internal standards. Spiking
specific synthetic molecules increases the cost of the test
depending on the number of proteins and bacterial species
studied. With bacterial quantotypic peptides, relative quanti-
tation was obtained at no additional cost and without pi-
petting errors because of calibrant addition. This strategy
eases the use of SRM to answer biological questions in do-
mains where relative quantitation is required (46). Reaching
analytical reproducibility, specificity, and sensitivity close to
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ELISA, SRM is now an attractive alternative when multiplex
protein assays should be developed in a short time.

A special attention was paid to a putative quantitation bias
generated by mutated peptides. Mutations are frequent in
bacteria and were detected by WGS in the genes encoding
ADC, OXA-51, OXA-58, TEM, AdeA, AdeB, AdeC, Aded,
and AdeK proteins. Although resulting in single amino acid
changes, the mutations accounted for modifications of the
peptide mass (except Isoleucine/Leucine substitutions), the
retention time, the ionization efficiency, and the fragmentation
pattern. Alterations of these physical properties prevent the
mutated peptide to be detected using the SRM transitions
from the wild peptide. Both wild and mutated peptides could
be easily multiplexed in the same SRM method but this was
considered inappropriate to perform accurate relative quanti-
tation. lonization and fragmentation intensities depending on
peptide sequences, substitution of signal integrations from a
wild peptide by its corresponding mutated counterpart may
therefore account for quantity discrepancies. We thus esti-
mated missing peptide signals using the information provided
by other peptides from the same protein.

The TopTra2/TopPep3 strategy proposed initially by Lud-
wig et al. (39), could be a good compromise between simplic-
ity and accuracy. It favors the most intense transitions and,
therefore, minimizes the risk of overestimation by co-detec-
tion of the biological noise. Ludwig et al. demonstrated a
linear relationship between label-free SRM intensities and
protein copies per cell, with a squared Pearson coefficient
R? = 0.88. However, we could not use directly Ludwig’s
equation because our ESI-QqQ-MS instrument was different.
We thus preferred to normalize SRM with bacterial quanto-
typic peptides and to provide relative abundances rather
than absolute protein molecules per cell. Nonetheless, it is
possible to transform our simple approach into an absolute
quantitation method via appropriate calibration using heavy
internal standards.

Here, using a conventional bore chromatography and a
short 30-min SRM gradient we were able to quantify 186
peptides representing twenty bacterial proteins (including
eleven bacterial quantotypic peptides from four proteins). If
needed, more targeted proteins could be easily monitored;
the method was very far from the multiplexing capabilities of
SRM. Moreover, the robustness of SRM hyphenated with
standard chromatography was shown to be compatible with
clinical applications (19, 51). A targeted strategy seems there-
fore a good compromise to accurately measure a reasonable
number of proteins and to address biological questions at the
protein level.

As expected SRM enabled highly specific protein detection
in agreement with WGS predictions. Using, in quadrupoles Q1
and QS3, a resolution of 0.7 = 0.1 atomic mass unit full width
at half maximum (18-19), a single amino acid difference,
accounting for a mass shift above 1 Da, should impair a
peptide detection. Similarly, a peptide becomes undetectable

if a sequence alteration modifies the fragmentation yields or
moves the chromatographic retention time out of the 155 s
window. Consequently, the probability to confuse two differ-
ent sequences is very low, except may be in the case of an I/L
mutation. The measurement of several peptides per protein
strengthens the confidence in each protein detection and
explains the high specificity of SRM assays.

Quantitative Measurement of Resistance Gene Expression
by MS Versus RT-gPCR—In the past decades, when the
development of large protein multiplexes at an affordable cost
was a true challenge, transcriptomics was seen as an alter-
native solution. However, today MS has reached perfor-
mances which question this approach. Protein quantities pro-
vide an information closer to the phenotype than mRNA and
CV comparisons of SRM versus RT-gPCR are in favor of SRM.
MS has the advantage to measure protein accumulation in
cells rather than a transcription flux. It allows evaluating en-
zymes amounts for antibiotic degradation kinetics, efflux
pump densities for assessment of antibiotic export and
amounts of target for resistance by sequestration of the drug
(52). SRM has moreover a reasonable time to results (around
1 h per sample), a high multiplexing capability (up to several
hundred of peptides), and does not require expensive or
specific reagents (i.e. no specific probes). This makes assay
developments particularly straightforward when multiplexing
is required. The analytical reproducibility of SRM enabled CVs
below 20% (Table Il) which is better than RT-qgPCR reproduc-
ibility (supplemental Fig. S6). Observed correlations between
mRNA and protein measurements were poor as already dem-
onstrated (43-44). Protein abundance is not only determined
by the rate of transcription but also by translational regulatory
mechanisms and protein turnover. The latter is difficult to
predict or measure, could be differently regulated among the
strains, and could explain the observed discrepancy between
transcription flow and protein accumulation. This is supported
by the statement of Liu and Aebersold (44): “the relative
contribution of MRNA- versus protein-level regulation seems
to be dependent on the temporal scale, on the complexity
level of the biological system, and on the type of perturbation
applied”. This is an additional argument in favor of direct
quantitation of proteins when phenotypes depend on their
abundance.

Assuming that Ludwig’s strategy (39) could apply to A.
baumannii, SRM enabled the comparison of various enzyme
amounts in various strains, with the enzyme kinetic parame-
ters for B-lactam hydrolysis. For example, TEM-1 hydrolyzes
ampicillin (k,,/K,,,, 3.8 X 10" m~'.s™") (53) 10-fold more effi-
ciently than OXA-23 (k.,/K,,, 5.6 X 10% m~'.s™") (54). This
difference in catalytic properties of the enzymes seems to be
counterbalanced by a level of accumulation 100 times more
important for OXA-23 than for TEM-1. The accumulation of
acquired enzymes was in the same order of magnitude among
strains for some B-lactamases. CV of protein relative quanti-
ties across strains was 31.2%, 0.80%, 31.3%, 53.9%, 44.3%,
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and 97.5% for GES, PER, TEM-1, OXA-23, OXA-24, and
OXA-58, respectively. On the contrary, for a given strain the
level of accumulation of the various enzymes varied notably.
For example, in BM4709, TEM-1 relative quantity was 0.49/
24.3% but 56.1/2.7% for OXA-23. Globally, the accumulation
of OXA-23 seemed to be very high (mean accumulation 53.1
compared with TEM-1 or VEB (mean accumulation 0.33 and
0.76, respectively). For OXA-24, GES, PER, and OXA-58 ac-
quired B-lactamases, the mean accumulation level seemed
similar: 9.3, 10.4, 13.3, and 21.4, respectively.

Resistance Phenotypes Versus Molecular Information—In
an attempt to account for the resistance phenotypes by a
molecular approach and in a comprehensive way, we tried to
infer antibiotic resistance from both genomics and proteomics
data. The presence of enzymes was deduced from WGS and
protein quantities from SRM. DNA sequencing therefore was
preferred to achieve full characterization of protein variants,
MS leading only to partial sequence coverage. SRM con-
firmed or detected unexpected enzymes and was pivotal
in providing quantitative information. Both technologies are
therefore complementary and strengthen the molecular
analysis of resistance phenotypes. A deep sequence cov-
erage determination and quantitation of the B-lactamase
abundance were necessary to correctly interpret the enzy-
matic behavior. On one hand, substitutions in B-lactamases
may affect the functional properties of the enzyme, as illus-
trated by BM4701 and BM4702, in which production of
GES-14 or GES-11 variants led to different phenotypes. On
the other hand, the B-lactamase amount is directly propor-
tional to the B-lactam hydrolysis rate (55). Quantitative dif-
ferences in acquired OXA-58 as well as intrinsic ADC and
OXA-51 were observed and associated with consistent vari-
ations of the MICs.

Expression of most resistance genes is tightly regulated.
Unfortunately, gene expression levels cannot always be pre-
dicted by genomics because mutations in regulatory regions
could be polymorphisms or not yet reported functional alter-
ations. Protein overproduction was correctly predicted when
ISs were inserted upstream from blagya_s1-iike OF Plaapc genes
but moderate levels of ADC production were not explained in
two isolates (CIP 70.34" and NIPH 1734). However, protein
levels accounted for the resistance phenotypes.

CONCLUSIONS

SRM analysis, requiring a turnaround time of one hour, was
able to decipher multifactorial resistance in A. baumannii via
quantitation of antibiotic resistance determinants. The pro-
duction levels of sixteen resistance proteins was measured
with a single SRM method targeting 186 peptides: eight
acquired B-lactamases (i.e. GES, NDM-1, OXA-23, OXA-24,
OXA-58, PER, TEM-1, and VEB), two resident B-lactamases
(i.e. ADC and OXA-51-like), and two efflux tripartite systems
(i.e. AdeABC and AdelJK). After normalization by “bacterial
quantotypic peptides,” these proteins were accurately quan-

tified with CVs of 8.93% on average over three biological
replicates. This relative quantification was particularly relevant
to differentiate basal level and overproduction of proteins
leading to susceptible or resistant phenotypes, respectively.
The ability of SRM to easily generate accurate multiplexed
quantitation makes mass spectrometry the favored choice for
direct quantitation of gene products. By combining WGS and
MS, molecular characterization of resistance determinants is
obtained using two orthogonal and complementary technol-
ogies. This paves the way to the understanding of the molec-
ular mechanisms responsible for gene regulation and resist-
ance phenotypes.
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